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Abstract 
Subtihsin Carlsberg has been artlficlally hydrophobized by acylation with octanoyl or palmitoyl chlorides. Samples with several degrees of 
substitution were obtained. Hydrophobizatlon facilitates m some cases the bindmg of synthetic or natural substrates. Furthermore, derivatized 
subtilisins show improved thermal stability (15-fold at 45°C) in aqueous olution. As a result, octanoyl-subtilisin exhibits enhanced thermostability 
without losing biological activity. 
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1. Introduction 
Subtilisins comprise a group of serine endopeptidases 
(m.wt. = 27,500 Da) that are secreted in large amounts 
from a wide variety of Bacillus species. The large data 
bank available for subtilisins makes them attractive en- 
zymes to elucidate structure-function relationships [l]. 
The industrial importance of subtilisins is very high, es- 
pecially as components of household detergents. In 1988 
the world market for industrial enzymes was approxi- 
mately US $600 million, half of which corresponded to 
enzymes added to detergents (mainly subtilisins) [2]. 
One of the most important aims of enzyme engineering 
is to enhance the thermostability of enzymes. Further- 
more, temperature stability of enzymes used in laundry 
detergents i  an important factor in productivity [3]. Pro- 
tein stabilization has been achieved by several methods 
(see [3] and references therein). including multipoint im- 
mobilization, site-directed mutagenesis, chemical modifi- 
cation, crosslinking or even selection of enzymes from 
thermophilic organisms. 
The hydrophile-lipophile balance (HLB) of an enzyme 
seems to be essential in most of its properties (recogni- 
tion of substrates. binding, stability, etc.). In this context, 
the in vivo posttranslational modification of proteins by 
*Corresponding author. Fax: (34) (1) 5854760. 
Abbreviations. pNPB. p-nitrophenyl butyrate: ATEE, N-Acetyl-L-tyro- 
sine ethyl ester; PEG, polyethylene glycol; HLB, hydrophile-lipophlle 
balance; Succ-, Succinyl; pNA, p-mtroanilide; Ac-Tyr-NH?, N-Acetyl- 
L-tyrosme amide; PMSF, phenylmethanesulfonyl fluoride. 
covalent attachment of fatty acids and lipids is a wide- 
spread phenomenon in nature but not yet completely 
understood [4-61. Myristic and palmitic acid are the pre- 
dominant fatty acid residues linked to proteins. Myristic 
acid is commonly found attached by an amide bond to 
an N-terminal glycine; palmitic acid is bound to the pro- 
tein via an alkali-labile ester linkage, usually a thioester 
[6]. Several methods for acylation of proteins in vitro 
have been also described [5,7]. Therapeutical applica- 
tions of these acyl-proteins and acyl- antibodies are being 
reported as very promising, since hydrophobization im- 
parts transmembrane properties to water-soluble pro- 
teins [8] or makes possible their insertion into the lipid 
matrix of liposomes [9]. 
In the present work, and imitating the hydrophobiza- 
tion that takes place in nature for many proteins, we 
have lowered the HLB of subtilisin Carlsberg - a protein 
containing 10 amino residues and no cysteines - by 
chemical acylation of its amino groups (using acyl chlo- 
rides of different chain length). Furthermore, the effect 
of the hydrophobization of the protein on its activity and 
stability was analyzed. 
2. Materials and methods 
Subtilisin Carlsberg (protease type VIII from B hcheniformu), 
palmitoyl and octanoyl chlorides, sodium cholate, phenylboromc acid, 
pNPB, ATEE, Ac-Tyr-NH,, N-transcinnamoylimidazole, Succ-Ala- 
Ala-Pro-Phe-pNA were all purchased from Sigma. 2,4,6-trinitroben- 
zenesulfonic acid and PMSF were from Fluka. Casein (Hammarsten) 
was from Merck. Sephadex G-25 and G-50. PEG 6000 and Dextran 500 
were supplied by Pharmacia. All other chemicals used were of the 
purest grade avallable. 
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2 I Enzyme assays 
The hydrolytic activity (esterase/lipase) [IO] using p-nitrophenyl bu- 
tyrate as substrate was followed spectrophotometrically at 30°C in a 
Varian Cary 210 spectrophotometer quipped with magnetic stirring. 
The assay mixture (3 ml) contained 3B-400 PM substrate in 10 mM 
phosphate buffer (pH 7), including 5% acetone. Initial rates were esti- 
mated by measuring the increase in the absorbance at 346 nm - isobestic 
point of the p-nitrophenol/p-nitrophenoxide couple - and considering 
the molar extinction coefficient as 4,800 M-‘cm-’ [l 11. 
The esterase activity using ATEE was measured titrimetrically using 
a pH-stat (Radiometer). The assay mixture was prepared injecting the 
ester (as a concentrated solution in ethanol) into the aqueous buffer 
solution. The system contained 636 mM substrate in 0.5 mM Tris- HCl 
buffer (pH 7.8), 0.1 M KCl. Ethanol content was 5% in all assays. 
The amidase activity of subtilisin was determined spectrophotometri- 
tally (410 nm) at 30°C in 0.1 M phosphate buffer (pH 7). containing 
0.1 M Succ-Ala-Ala-Pro-Phe-pNA as substrate. 
Proteolytic activity was determined using 1% casein as substrate 
following the protocol described by Laskowsky [12]; incubation time 
was 20 min. 
The Michaelis constant and the k,,, of the system were estimated 
using a non-linear regression adjustment from the SIMFIT package 
[ 131. One unit of activity (U) is the amount of enzyme that hydrolyses 
1 pmol of substrate per min under the above conditions. 
2 2. Preparation of palmitoyl-subtilism 
Acylation of subtihsm with palmitoyl chloride was carned out ac- 
cording to Torchillin et al. [14], with slight modifications. A reversible 
inhibitor (Ac-Tyr-NH? or phenylboronic acid) of subtilisin was in- 
cluded (at 20 mM) in the reaction medium. The pH was mantained at 
X.0 with the aid of a pH-stat using 1 M NaOH. The cholate present 
(used to solubilize the acylating agent) and the rest of contaminants 
were removed in a final step by gel filtration in a Sephadex G-25 
column. Fractions containing protein were lyophihzed and kept at 
-20°C. 
2.3 Preparation of octanoyl-subtilisrn 
Subtilisin (100 me) was dissolved in 7.2 ml of 0.1 M ohosuhate buffer 
(pH 8) containing?.1 M NaCl, 20 mM reversible ihhibitor and 1% 
cholate Then, 0.5 ml of 1.8 M octanoyl chloride solution in acetone 
were added in portions of 0.1 ml. The mixture was kept at 4°C and pH 
8.0 under stirring. After the final addition of octanoyl chloride, base 
was added in a pH-stat until all octanoyl chloride was hydrolyzed, as 
evidenced by a leveling off of the base consumption curve. The acylated 
enzyme was then purified by gel filtration (G-25 column). 
2 4. Enzyme thermoinactivation 
A diluted solution (-2 PM) of subtilisin in 0.1 M phosphate (pH 7) 
was incubated at the desired temperature. The remaining amidase activ- 
ity at different times was measured. The half-life (t,,J was calculated 
from a single exponential adjustment using ENZFITTER program 
1151. 
2 5 Determination of degree of acylation 
The content of free lysines before and after acylation was determined 
using 2,4,6-trinitrobenzenesulfonic a id according to Fields [16]. In 
order to avoid the effect of the peptides generated by autolysis of 
subtilisin - that leads to an overestimation of amino groups - samples 
were irreversibly inhibited with PMSF and chromatographied over 
Sephadex G-50 (elution with phosphate 20 mM, pH 7) before following 
Fields’ procedure. 
2 6. Partition of subtilisin samples in an aqueous Dextran SOOIPEG 6000 
biphasic system 
The system was prepared as described by Zaslavsky et al. [17]. The 
composition of the system was 7% (w/w) Dextran 500,4.4% (w/w) PEG 
6000, 0.11 M sodium phosphate buffer (pH 7.4). Enzyme solutions 
(0.25-0.50 mg/ml) were added to the biphasic system and the phases 
were allowed to settle for 24 h at 25°C. Enzyme concentration was 
measured in both phases. The partition coefficient (K) is defined as the 
ratio of the enzyme concentration in the PEG-rich and the dextran-rich 
phases. The hydrophobicity of enzyme preparations was expressed as 
the equivalent number of CHI groups (nCHZ [18]. 
2.7. Other methods 
Protein concentration was estimated by the Peterson method [19], 
suitable for hydrophobic proteins. Active-site titration of subtilisin was 
performed using N-trans-cinnamoylimidazole [20]. 
3. Results 
3.1. Acylation of subtilisin 
Several experimental conditions were tested. A revers- 
ible inhibitor was included in the reaction medium in 
order to minimize autolysis at the high pH at which 
acylation is carried out. Table 1 shows that the presence 
of an inhibitor increases both the active-enzyme recovery 
and activity yield. 
The degree of acylation can be controlled depending 
on several parameters, such as the molar ratio acylating 
agent/protein, the reaction time, the inhibitor used or 
even the physical state of the enzyme before adding the 
acylating agent. Acylation degrees ranging from lo- 60% 
for palmitoylation and 32-57% for modification with 
capryloyl chloride were obtained. The highest percentage 
of substitution was in all cases about 60%, which implies 
introduction of approximately 6 fatty acyl residues into 
a single enzyme molecule. 
It is noteworthy that, after gel filtration, palmitoyl- 
subtilisin samples howed appreciable naked-eye turbid- 
ity, indicating that a good hydrophobization had taken 
place. 
3.2. Evaluation of hydrophobicity 
Firstly, the hydrophobization was evaluated measur- 
ing the increase in turbidity (absorbance at 400 nm [21]). 
Fig. 1 depicts the results obtained for subtilisin samples 
with acyl arms of different length and/or different degree 
of substitution (turbidity is correlated with titrated en- 
zyme concentration). 
Hydrophobicity of acylsubtilisins was also determined 
studying the behaviour of these biocatalysts in biphasic 
systems formed by mixtures of polymer solutions. Sam- 
ples containing different amounts of protein were as- 
sayed, and it was observed that enzyme concentration 
did not affect the partition coefficient. All the samples 
Table 1 
Active-enzyme recovery (active-site titration with N-transcinnamoylim- 
idazole) and activity yield (measured for the hydrolyis of Succ-Ala-Ala- 
Pro-Phe-pNA) after acylation of subtilisin with octanoyl (C,) and 
palmitoyl (C,,) chlorides, in the presence of two reversible inhibitors 
Reversible 
inhibitor ;l;mM) 
Active-enzyme Activity yield (%) 
recovery (%) 
C8 C16 C* C,, 
None 55.4 45.2 59.2 35.6 
Ac-Tyr-NH, 120 56.9 53.7 65.5 43.5 
Phenylboronic acid 0.23 83.6 60.6 81.0 62.7 
202 FJ. Plow A. BaNesteroslFEBS Letters 339 (1994) 200-204 
13 I 
2 11 
I - 
i 09 
. .m 
_. 
s 07 i .I 
/ 
10 30 50 70 
[enzyme] WC 
Fig. 1. Turbidity of acyl-subtilisin solutions in water as a function of 
enzyme concentration (measured by active-site titration). Samples (de- 
grees of acylation in brackets): (0) native; (0) octanoyl-subtilism (32%); 
(0) palmitoyl-subtilisin (14%); (m) palmitoyl-subtilisin (39%). 
manifested preference for the most hydrophobic phase 
(the PEG-rich one), this preference being higher when 
subtilisin was acylated (Table 2). In this way, the equiv- 
alent number of CH2 groups (nCH? increases more than 
2-fold when octanoyl- (34% acylation) or palmitoyl-sub- 
tilisin (14%) are compared with the native enzyme. 
However, palmitoyl-subtilisin with a high degree of sub- 
stitution (39%) deposits on the interphase of the system, 
yielding erratic K values. 
3.3. Kinetic parameters 
The kinetic constants for the hydrolysis of different 
substrates, natural or synthetic, were evaluated. Table 3 
summarizes the results encountered for the hydrolysis of 
several ester or amide substrates. Kinetic constants for 
the hydrolysis of the two esters assayed, ATEE and 
pNPB, do not show a significant variation for acylated 
subtilisins compared with the wild-type enzyme. How- 
ever, the binding of the long amide substrate Succ-Ala- 
Ala-Pro-Phe-pNA seems to be favoured when subtilisin 
is acylated (i.e. a slight decrease in K, is observed). Nev- 
ertheless, k,,, values indicate that catalysis is not im- 
proved despite the better binding. 
Results found in the hydrolysis of casein are presented 
Table 2 
Relative hydrophobicity of the modified preparations of subtilism, 
measuring the partition coefficient of enzyme between PEG 6000 and 
Dextran 500 
Protein 
Bovine serum albumm 6.5 
Subtilisin Carlsberg 13 
Palmitoyl-subtilisin (14%) 17.5 
Octanoyl-subtilisin (32%) 18.1 
Bovine serum albumin (Sigma) is presented as a standard. Degrees of 
substitution are m brackets. 
in Fig. 2. The octanoyl-subtilisin exhibits higher hydrol- 
ysis rates than the native enzyme, whereas the subtilisin 
derivatized with palmitoyl chloride hydrolizes casein 
with a low velocity, possibly due to steric hindrance. 
3.4. Stability experiments 
Stability of acyl-subtilisins in aqueous medium (pH 7) 
at 45°C and 65°C was studied. Low enzyme concentra- 
tions were used in order to minimize autolysis and/or 
aggregation processes [22]. The acyl-subtilisins with the 
highest percentages of modification were compared with 
the native enzyme. Table 4 summarizes the thermoinacti- 
vation constants, k,, , and half-lives. t,,, , of the prepara- 
tions. Hydrophobization of subtilisin with acyl (C, or 
C,,) chlorides gives rise to preparations whose ther- 
mostability is enhanced. This stabilizing effect (ratio of 
the rate constant of thermoinactivation of the native and 
the modified enzymes) is about 15-fold at 45°C and 
about 2.5-fold at 65°C. 
4. Discussion 
Recent papers have shown that varying the hydro- 
philic-lipophilic character of an enzyme through cova- 
lent modification of their amino groups can critically 
alter their activity and stability in aqueous and organic 
media. Thus, Mozhaev et al. [22] hydrophilizated 01- chy- 
motrypsin by reaction with anhydrides of aromatic car- 
boxylic acids: the modified protein was extremely stable 
against irreversible thermal inactivation. And Ampon et 
al. [23], after reductive alkylation of lipase (with alde- 
hydes), found that the enzyme had altered enzymatic 
activities and was more stable. However, the rules that 
govern the new properties of the modified enzymes are 
still not clear. 
Due to the drastic reaction conditions, the previous 
studies on chemical modification of proteases reported 
low recoveries of active-enzyme and activity, especially 
E 
, ‘. 
:’ 
c 0.7 .’ ’ 
n ,’ 
,,I,‘~ 
nmoles of enzyme 
Fig. 2. Determination of proteolytic activity of acyl-subtilisins using 1% 
casein as substrate at 30°C. Incubation time. 20 min. (0) native; (0) 
octanoyl-subtilisin, (32%): (*) palmitoyl-subtilisin (14%). 
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Kinetic constants for the hydrolysis of several substrates catalyzed by native and acylated subtilisins 
Enzyme 
preparation 
Acylation 
degree (%) 
pNPB 
K, (mM) k,, (s-l) 
ATEE 
K, (mM) kc,, (s-l) 
Succ-Ala-Ala-Pro-Phe-pNA 
K, (mM) kc,, (s-l) 
Native 0.086 f 0.01 2.1 f 0.1 44_+ 13 790 f 150 0.32 + 0.07 830 f 100 
Octanoyl- 32 0.063 f 0.005 2.4 f 0.1 872 10 1,370 k 150 0.21 + 0.03 620 + 50 
Palmitoyl- 14 0.099 f 0.009 2.1 + 0.1 61 f 10 820 f 100 0.15 ? 0.02 90 + 4 
when high degrees of modification were achieved. There- 
fore, a few works [7,22,24] report the use of a reversible 
inhibitor (or a substrate) in order to prevent the modifi- 
cation of active site residues, minimize autolysis and, as 
a consequence, improve process yield [25]. Table 1 
clearly shows how the presence of an inhibitor with good 
affinity for subtilisin (K, equal to 0.23 mM) increases the 
recovery of active enzyme and activity; thus, phen- 
ylboronic acid exhibits some properties that make it a 
suitable compound in this kind of processes: non-toxic 
at millimolar concentrations, great dependence of K, vs. 
pH that permits to control the magnitude of the binding, 
and reasonable price. In absence of inhibitors, activity 
yields reported in similar acylations are commonly under 
50% [ 14,261. 
Phe-pNA hydrolysis. The results obtained in the present 
work confirm the convenience of using substrates with 
different size and different scissile bonds when testing 
kinetic properties of modified enzymes. Results using 
only short, synthetic substrates, as is commonly done for 
proteases (e.g. in site-directed mutagenesis), can be mis- 
leading. 
Hydrophobicity of the enzyme surface has been corre- 
lated in some reports with turbidity of its aqueous solu- 
tions [7]. In the present work, the optical density at 400 
nm increases considerably with both the number of resi- 
dues attached to the biocatalyst and the length of the 
fatty chain (Fig. 1). Alternatively, the determination of 
hydrophobicity by measuring the partition of the protein 
in biphasic systems (Ficoll400/Dextran 70 [22] or Phenyl 
Sepharose/(NH,),SO, [26]) is often more sensitive but is 
time-consuming. Concerning our samples, the observed 
differences in nCH2 (Table 2) are doubtless indicative of 
the differences in their superficial hydrophobicity. 
Concerning thermal stability, this parameter can be 
influenced by many factors (temperature, pH, ionic 
strength, enzyme concentration, etc.) that need to be 
carefully controlled. At least two interpretations can be 
postulated for the stabilizing effect observed: first, at- 
tachment of acyl arms to enzyme can increase resistance 
to autolysis as a consequence of steric hindrance; second, 
the substitution -by uncharged (acyl) groups- in the 
protein surface of some unfavourably positively charged 
(repulsive) groups that promote unfolding can enhance 
thermostability. In this context, hydrophilization of pro- 
tein surface area usually leads to enhanced stability 
[22,27]; on the other hand, hydrophobization of the pro- 
tein has led both to an increase [28,29] or a decrease 
[22,30] in thermostability. It seems likely that there is an 
optimum ratio of surface hydrophilicity/hydrophobicity 
and that this ratio is different for each enzyme. So each 
enzyme needs to be tackled differently and it may be 
difficult to lay down general strategies for stabilization 
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The better binding in the hydrolysis of Succ-Ala-Ala- For the industrial application of subtilisins and similar 
Pro-Phe-pNA when acyl-subtilisins were assayed can be enzymes, primarily in laundry detergents, it is attractive 
explained considering that a change in the microenviron- to obtain derivatives with increased thermal stability and 
ment of the enzyme site increases the interaction of the yet maintaining high activity. Thus hydrophobization 
substrate with the protein. The specificity constant (k,,,l via acylation (in particular with octanoyl chloride) can 
K,,,) for the octanoyl-modified enzyme is even higher be considered an alternative to site-directed mutagenesis 
than the corresponding value for the native protein to get samples with enhanced thermal stability without 
(Table 5). Results found in the hydrolysis of casein corre- losing biological activity. In conclusion, the study of 
late quite well with those obtained for Succ-Ala-Ala-Pro- hydrophobic modifications of native enzymes can be 
Table 4 
Thermoinactivation constants of native and acylated subtilisins at pH 7 
Subtilisin Acylation degree (%) k,, (s-l) 
45OC - 65°C 
tl/z (h) 
45°C 65°C 
Native 8.0 + 0.5 lO-5 1.3 f 0.1 1o-4 2.4 1.4 
Octanoyl- 57 6.0 f 1.0 1O-6 6.7 f 0.6 t lo-’ 30.4 2.9 
Palmitoyl- 60 5.2 f 0.8 1O-6 4.4 + 0.6 IO-’ 37.2 4.4 
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Table 5 
Specificity constants for the hydrolysis of several substrates catalyzed 
by native and acylated subtilisms 
Subttlisin Acylation k,,,lK,,, (M-’ s-‘) 
degree (%) 
pNPB ATEE Succ-Ala-Ala- 
Pro-Phe-pNA 
Native 3.1 IO4 1.8 10J 2.6 lo6 
Octanoyl- 32 3.8 lo4 1.6. IO4 3.0 I lo6 
Palmitoyl- 14 2.1 lo4 1.3 lo4 6.0. IO5 
very interesting in both fundamental and applied enzy- 
mology. 
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